Dielectric Elastomer Actuators (DEA) have a wide application prospect in the area of robot due to its merits. The aim of this paper is to improve the displacement of cone DEA and to make full use of the large-strain advantage of elastomer, as well as to reduce the volume and mass of actuator. After presenting the manufacturing process and working principle of cone DEA, it is analyzed that negative stiffness preload can enlarge the displacement of actuator significantly. Then a half-diamond mechanism is analyzed using double-slider model to implement a negative stiffness preload. Two points from force-displacement curves, f off and f on of elastomer with voltage on and off, are selected as two working equilibrium positions of actuator to calculate the parameters of the preload mechanism, hereby the negative stiffness mechanism is realized. Displacement experiments show that the cone DEA has a displacement of 20 mm under voltage 7541V and experimental results agree well with analytical results. Since the initial displacement is very small, so the large-strain advantage of elastomer is used for improving the displacement of actuator. In addition, the force outputs of the actuator when voltage is on and off are acquired, which shows actuator has a maximal force ability of 1.6 N.
Introduction
As a category of Electroactive Polymers (EAP), Dielectric Elastomer (DE) responds to electrical stimulation with large deformation. It can be used to make actuators, sensors [1] and energy harvesting equipments [2] . Compared with other smart actuating materials, such as Shape Memory Alloy (SMA), ionic EAP, dielectric elastomer shows excellent overall performance including large strain, high energy density, high force-to-weight ratio and lightweight. Its applications in robotic and mechatronic systems have been demonstrated by many laboratory prototypes such as biomimetic robot [3] , space explorer [4] and cancer treatment [5] , etc.
DEAs consist of an elastomer film coated on both sides with compliant electrodes. When voltage is applied, Maxwell stress is generated on the film, which leads to elastomer expanding in area and contracting in thickness.
Once voltage is released, it returns to original state owing to elastic stress. DE can be seen as a variable stiffness spring under different voltages [6] . Up to now, actuators with different configurations based on DE were implemented, such as diamond [7] , cone [8] , spring roll [9] , folded shape [10] and spiral-shaped [11] , etc. Among them, cone actuator has the advantages of large force output, simple manufacturing. In MIT, carbon fiber strips were used to provide preload to reduce the mass of actuator. When 9.4 kV voltage is applied, the displacement of the actuator is 10 mm with an outer frame diameter of 100 mm. To obtain constant force output, compliant frame preload mechanism was designed [12] . In order to increase the displacement of cone DEA, a diamond four-bar linkage mechanism is used [13] and the displacement of the actuator is as high as 17 mm, the outer frame diameter of which is 100 mm, while the actuator is a bit bulky and heavy. Moreover, the large-strain advantage of DE is not fully used for improving displacement because the actuator with the diamond preload mechanism has a large initial displacement.
2 Working process of cone actuator 2.1 Manufacturing of cone actuator Fig. 1 gives the 3-D model of cone actuator, which consists of inner frame, outer frame, DE and preload mechanism. The manufacturing of cone actuator contains three steps:
(1) Pre-stretching: The DE is pre-stretched to 375% × 375% in two directions to obtain large deformation.
(2) Assembly: Pre-stretched elastomer is sandwiched between inner and outer frames, and two connectors are laid between the outer frames and both sides of the elastomer, the electrode connector is made of tin-foil, which is very thin and pliable. An appropriate pressure is exerted across bonding area to let bond strength increase.
(3) Electrode smearing and preload applying: Electrode is made of carbon black EC-300J, Sylgard silicone and heptane. After electrode is brushed by hand on both sides of the elastomer, a preload is applied on inner frame, so initial displacement is produced.
The structure parameters of actuator are shown in Table 1 . 
Working process of cone actuator
Working process of cone actuator is shown in Fig. 2 .
When preload is applied, the initial position of the inner frame is y a where the elastic force of elastomer equals to preload. As voltage is applied, the elastic force of elastomer decreases due to electrostatic pressure, so inner frame moves upwards and reaches y b , where the elastic force of elastomer balances preload again. y a is initial displacement and y b y a is the displacement of the actuator. 3 Achievement of large displacement actuator 3.1 Desirable preload DEA works according to the principle that preload equals to the variable force of elastomer when voltage is on and off [14] , so preload is the key factor affecting the displacement of actuator, and a suitable preload can significantly improve its performance. For DEA, force source of preload is always from elastic part, such as rubber band, spring. According to the derivative of preload to the deformation of elastic part df p /dy, preload f p can be categorized into three kinds: positive stiffness (df p /dy) > 0, constant force (df p /dy) = 0 and negative stiffness (df p /dy) < 0, just as shown in Fig. 3 . The intersection points between f p and f off , f on are two equilibrium positions of the actuator when voltage is on and off, where f off , f on are the force-displacement curves of elastomer with voltage off and on respectively. It can be seen that distance between two equilibrium positions are the displacement of actuator and negative stiffness can enlarge it significantly.
Force-displacement curves f off , f on are obtained by measurement setup shown in Fig. 4. Fig. 5 gives the force-displacement curves f off , f on of DE under different voltages. 
Design of preload mechanism
In order to obtain the negative stiffness preload as well as to minimize the volume and mass of actuator, a half-diamond mechanism (Fig. 6a) is designed to provide preload, where force source of preload is supplied by rubber band. Due to its symmetry, half mechanism can be modeled as a double-slider mechanism (Fig. 6b) .
The relationship between F x and F y can be obtained by the principle of virtual work 0, 
where F x stands for elastic force of rubber band. F y is the thrust force along y direction. x and y are sliders' virtual displacements in x, y directions respectively. Based on velocity projection theorem, the following equation is tan .
Assuming the original length of rubber band is x 0 , F x is given by the stiffness k of rubber band
where x 1 is the horizontal position of slider 2. From Eq. (3) and Eq. (4), F y is obtained:
,
where y 1 is the vertical position of slider 3 and L is the length of bar. The total force output of preload mecha-S215 nism is:
The stiffness of mechanism can be obtained by finding a derivation of Eq. (6) 2
From Eq. (7) and Eq. (8), with suitable values of L, x 0 and x 1 , (df p /dy 1 ) > 0 and (df p /dx 1 ) < 0, which mean that preload f p can increase with y 1 , although elastic force of rubber band decreases with the decrease in x 1 , so a negative stiffness mechanism is obtained.
Considering the dimension of actuator, the length of bar L is set to 40 mm. Referring to the desirable preload line shown in Fig. 7, two points A(4, 0.5) , B(25, 2.6) are substituted into Eq. (6), and result is x 0 = 30.2 mm, k = 0.05 N·mm 1 . Fig. 7 gives the calculated force-displacement curve of the preload mechanism. The corresponding displacement and initial displacement of actuator are 21 mm and 4 mm respectively. Fig. 8 shows the 3-D geometrical model of designed preload mechanism (elastic part isn't drawn) and actuator with the preload mechanism. The base corresponding to slider 3 (Fig. 6a) is connected to inner frame of actuator. To decrease the effect of friction, two roller bearings are used as slider 1, 2 (Fig. 6a) . Slide rail is fastened to outer frame of actuator by bolts, which can also be used to adjust the initial position of inner frame. The parameters of preload mechanism are shown in Table 2 . 
Implementation of large displacement actuator

Experiments
Displacement of actuator
The initial position and final position are shown in Fig. 9 , in which a thin carbon fiber strip is used to indicate the displacement of the actuator. Initial position of actuator is 67 mm and initial displacement is very small (about 2 mm). When a voltage of 7541 V is applied, the actuator responds rapidly and the displacement of 20 mm is obtained ultimately, as shown in Fig. 9b .
It takes about 4 s from initial position to displacement 12 mm and the latter 8 mm takes about 16 s in all. Once voltage is released, the actuator retracts quickly and takes about 8 s from displacement 20 mm to initial position. Fig. 10 presents the output force of cone actuator. Thrust force is the output force when voltage is applied to actuator, and pull force is the output force when voltage is released. The maximum pull force is 1.6 N, while the maximum thrust force is 0.4 N. The area enclosed by horizontal line 0 and the upper curve denotes the work when actuator returns, which is larger than the work output when actuator extends. So cone actuator can be used in single-acting mode, in which pull force is used for driving and push force for returning back.
Force of actuator
Discussion
Actuator can move with displacement of 20 mm, which agrees well with the analytical result of 21 mm. While the initial displacement of 2 mm is smaller than the designed value of 4 mm mainly because that the preload curve in Fig. 7 ignores the weight of inner frame, but during experiment, the resultant force of the preload mechanism (direction is up) and the weight of inner frame are the actual preload, then the f p curve moves downward. Small initial displacement will be beneficial to the displacement of actuator because the large-strain advantage of elastomer can be used for displacement as more as possible.
Experiments testify the validity of negative stiffness preload mechanism, which can improve the displacement of actuator. Also, force output measurement suggests that larger displacement will lead to larger force output.
Conclusion
Based on the working process of DEA, the effect of preload form on displacement of actuator is analyzed and negative stiffness mechanism is determined to provide preload. By analyzing the force of half-diamond mechanism using two-slider model, a negative stiffness mechanism is designed and manufactured. The maximal displacement of the actuator is 20 mm and maximal force is 1.6 N. Experimental results agree well with the design values, which validates the efficiency of negative stiffness mechanism. This work can provide a guide for improving the performance of DEA.
The future work is to design preload mechanism of DEA not only considering the displacement of the actuator but also its force output. Then the DEA can meet the needs of its applications in many areas.
